The objective of this study was to investigate the effects of corn naturally contaminated with low levels of aflatoxins (AF) on performance, calcium (Ca) and phosphorus (P) metabolism, and bone mineralization in broilers. Four hundred and fifty 1-d-old male broiler chicks were randomly allotted to control (no AF), and the diet with the corn contaminated with AF as a substitute for 50% or 100% of the corn in control (HAC or AAC). The broilers in HAC and AAC were administered with 6.5-8.0 and 13.0-16.0 μg AF/kg BW per day respectively in overall period (1-42 d). Ten birds per treatment were selected at d 43 to explore the apparent digestibility of Ca and P using all excreta collection method after 2 days adaptation. The AAC diet reduced (P＜0.05) the performance of birds in overall period, whereas the HAC diet temporarily decreased (P＜0.05) the performance of birds in starter phase (1-21 d). The corn contaminated with AF had no effect (P＞0.24) on the apparent digestibility of Ca and P. The increasing AF intake content linearly increased (P＜0.001) serum parathyroid hormone (PTH) level, and decreased (P＜0.05) serum 1,25-dihydroxychocalciferol and P concentrations on d 42. On d 21, the AAC diet reduced (P＜0.05) tibia breaking strength (TBS) when compared to control or HAC group, however, it did not affect (P＞0.10) the percentages of ash, Ca and P in tibia. On d 42, the increasing AF intake level linearly decreased (P＜0.05) TBS, and the percentages of Ca and P in tibia. These results indicated that the low level of AF intake had negative effects on the P metabolism and bone mineralization of broilers at exposure of 42 days, which might relate to the changes in vitamin D and PTH metabolism.
Introduction
Aflatoxins (AF) are secondary metabolites of some species of Aspergillus genus, such as Aspergillus flavus and Aspergillus parasiticus, commonly contaminate a wide variety of tropical and subtropical feedstuffs. AF are difuranocoumarin compounds, but only AFB 1 , AFB 2 , AFG 1 , AFG 2 , AFM 1 , and AFM 2 have toxigenic importance (Monbaliu et al., 2010) . AF have strong hepatotoxic effects and the content is legally limited in feedstuffs in at least 100 countries (van Egmond and Jonker, 2004) . To date, much work has been done to explore the negative effects of AFB 1 on the performance and immunological variables of birds (Devegowda and Murthy, 2005) . The effects of AF on weight gain in broilers have been debated as being biphasic in nature; that is nominal improvement at low pharmacological doses and statistical reduction at higher doses (Diaz et al., 2008) . Negative effects of AF in poultry production are dose-dependent (Yunus et al., 2011b) . There is a general agreement that the levels of more than 0.5 mg AFB 1 /kg diet reduce bird performance and increase the incidence of bruising in carcass (Patterson, 1977; Dersjant-Li et al., 2003; Devegowda and Murthy, 2005) , which are considered the higher level of AF for poultry (Bilgrami and Choudhary, 1998; van Egmond and Jonker, 2004; Diaz et al., 2008) . An overall survey demonstrated that the range of the total AF concentration in corn was less than 0.24 mg AF/kg in China (Zhang et al., 2010) . The levels of AF in broiler diets were less than 0.10 mg AF/kg diet in China and some other countries (Hegazy et al., 1991; Nizamlioglu, 1996; Pitet, 1998; Zhang et al., 2010) . However, limited literature has accentuated the potential of low levels (＜ 0.24 mg/kg diet) of AF to deteriorate broiler performance.
Previous studies proved that AFB 1 had a range of negative effects on poultry health including poor performance Magnoli et al., 2011) , liver and kidney lesions (Ortatatli et al., 2005) , immunity damage (Marin et al., 2002) , and hematological problem (Zhao et al., 2010) . Bone abnormalities are yet another area of economic importance in poultry industry. AF interact with vitamin D deficiencies, and several natural outbreaks of rickets have occurred in chickens fed diets marginally deficient in vitamin D and containing AF (Hamilton et al., 1974; Hamilton, 1977) . Further, we incidentally observed that the bones from chickens with aflatoxincosis appeared more pliable than the bones from control birds. Huff et al. (1980) noted that higher level of AFB 1 (2.5 mg/kg) decreased the breaking strength of bone in broiler after 10 days of treatment. Yunus et al. (2011b) reviewed that AF at further higher levels of 2 mg/kg in diet decreased serum Ca and inorganic P levels. However, the literature regarding effects of low levels of AF on the bone mineralization is particularly scanty. Thus, the aim of this study was to investigate the effects of feeding corn naturally contaminated with low levels of AF on the performance, Ca and P metabolism, and bone mineralization of broilers.
Materials and Methods

Animals and Diets
The animal experiment was conducted in accordance with the principles of Animal Care and Use Committee of Sichuan Agricultural University. Four hundred fifty 1-d-old COBB 500 male broilers (Chia Tai Co. Ltd, Chengdu, P. R. China) were randomly allocated into 3 treatments with 5 replicates each (30 broilers per replicate). The birds of each replicate were fed in one pen (1 m×2 m) for 42 days, and maintained on a 24-h continuous light schedule. The temperature was initially maintained at 33℃ and gradually reduced by 3℃ per week to reach 21℃ by the end of week 4, and this temperature was maintained during experiment. Feed and water were provided ad libitum.
The basal diets (Table 1) were based on maize, soybean meal and corn gluten meal, with composition and nutrient levels in line with Agricultural Trade Standardization of China (NY/T33-2004) . All the ingredients in the 3 different diets except the corn were the same. Three dietary treatments included the basal diets (control), and the diet with the naturally AF-contaminated corn as a substitute for 50% or 100% of the corn in control (HAC or AAC). Because the average level of AF was 164 μg/kg AF in the AF-contaminated corns (＞20 μg/kg AF) collected in the southwest of China (Zhang et al., 2010) , the corn containing 173.8 μg/kg AF was selected to formulate the starter (1-21 d) diet in the present study. In order to make the broilers administrated with the similar level of AF (6.5-8.0 and 13.0-16.0 μg AF/kg BW per day in HAC and AAC respectively) during overall period (1-42 d), the corn containing 266.8 μg/kg AF was used to formulate the grower (22-42 d) diet respectively. Samples of the basal diets and corns were analyzed for contents of dry matter (DM; loss of weight after drying at 105℃ for 24 h), crude protein (method 990.03; Association of Official Analytical Chemists [AOAC], 2000), phytate phosphorus by the method of Rutherfurd et al. (2002) , total calcium, and phosphorus (method 985.01; AOAC, 2000) . Moreover, the gross energy of the AF-contaminated and uncontaminated corns was determined by adiabatic bomb calorimetry according to instruction provided by the manufacturer (Parr Instrument Company, IL, USA). The AF-contaminated corns in starter (1-21 d) and grower (22-42 d) diets and the uncontaminated corn had the similar gross energy (3,879, 3,870, and 3,890 kcal/kg respectively) and the percentages of calcium (0.02%, 0.03%, and 0.02% respectively), total phosphorus (0.26%, 0.26%, and 0.27% respectively), and the crude protein (7.83%, 7.78%, and 8.02% respectively). 
Mycotoxins Quantification
Individual feed ingredients, and the dietary samples were analyzed and screened for mycotoxin content by high performance liquid chromatography equipped with a fluorescence detector (Agilent, Santa Clara, CA, USA), employing the method appropriate for each toxin as described by Yang et al. (2012) . The detection limits for AFB 1 , AFB 2 , AFG 1 , AFG 2 , T-2 toxin, deoxynivalenol (DON), zearalenone (ZEA), ochratoxin A (OTA), and fumonisin B 1 (FB 1 ) were 0.02, 0.05, 0.1, 0.05, 10, 30, 10, 3, and 20 μg/kg, respectively. Feed ingredients used in formulating the control diet did not contain mycotoxins at detectable levels. The naturally contaminated-corns used for the starter (1-21 d) and grower (22-42 d) diets containing 173.8 (86.1% and 13.9% of AFB 1 and AFB 2 ), and 266.8 μg/kg AF (85.8% and 14.2% of AFB 1 and AFB 2 ), respectively. The analyzed values of AF concentrations in HAC and AAC diets were 43.3 (85.2% and 14.8% of AFB 1 and AFB 2 ) and 96.6 (85.3% and 14.7% of AFB 1 and AFB 2 ) μg AF/kg diet in starter phase respectively, and were 81.4 (85.1% and 14.9% of AFB 1 and AFB 2 ) and 157.6 (85.0% and 15.0% of AFB 1 and AFB 2 ) μg AF/kg diet in grower period, respectively. The contents of other mycotoxins including AFG 1 , AFG 2 , DON, ZEA, OTA, T-2 toxin, FB 1 in the contaminated corn and experimental diets were below the limits of detection.
Performance
Body weight and feed consumption for each pen were measured at d 21 and 42. The cumulative body weight gain and feed consumption were determined, and the weekly and cumulative feed:gain ratios were calculated.
Apparent Digestibility of Calcium and Phosphorus
All excreta collection method was used to explore nutrient digestibility. On day 43, 2 birds per replicate were selected according to the average body weight in different treatment, and each bird was housed individually. Feed and water were provided ad libitum. The digestion trial consisted of 2-d adaptation period and 4-d collection period. Excreta were collected every 3 hours, and stored at −20℃. At the end of collection period, feed was collected and weighed. Feed and excreta samples were subsequently analyzed as described above.
Serum Biochemical Parameters
On d 21 and 42, 2 birds per replicate pen were selected with the BW close to the replicate mean after a 12-h fast, and 8 ml blood was sampled in each chick by jugular vein without any anti-coagulant. The two blood samples per replicate were centrifuged at 3,000 rpm for 10 min to obtain sera. All samples were stored at −20℃ for serum biochemical parameter analysis. Serum calcium and phosphate levels were determined using the commercial assay kits (Nanjing Jiancheng Biotechnology Institute, Nanjing, China) and a Hitachi 917 Multianalyser (Hitachi Co. Ltd., Tokyo, Japan). The serum parathyroid hormone (PTH) was assayed according to the protocol of radioimmunoassay kit (Northern Institute of Biotechnology, Beijing, China). Serum 1, 25-dihydroycholecalciferol level (DRG Instruments GmbH, Marburg, Germany), alkaline phosphatase activity (AKP) and calcitonin content (Nanjing Jiancheng Biotechnology Institute, Nanjing, China) were analyzed by using commercial ELISA kits.
Bone Mineralization Parameters
After blood samples were collected, the two broilers from each replicate pen were euthanized by cervical dislocation, and tibia bones of both sides were collected for measurement of the tibia ash and tibia breaking strength (TBS). The left tibia was determined on a moisture-free, fat-free basis after removing the adhering tissues and then ashed in a muffle furnace at 600℃ for 24 h. The concentrations of bone P and Ca in tibia were determined (method 985.01; AOAC, 2000). The right tibia was used for the determination of TBS with a Texture Analyser (TAXTPlus, Stable Micro Systems Corp., England) according to the protocols described by Lei et al. (2011) .
Statistical Analysis
All data in this experiment were analyzed by the GLM procedures of SAS 8.0 (SAS Institute Inc., Cary, NC, USA). Broiler or pen was the experimental unit. The Duncan's multiple range test method was used to compare the means when the treatment effect was significant (P＜0.05). Linear and quadratic trend analysis was performed in a contrast statement to evaluate the effect of different levels of AF on the various parameters measured.
Results
Bird Performance
Addition of naturally AF-contaminated corn at increasing level had linear (P＜0.02) or quadratic (P＜0.03) or both effects on reducing body weight gain (BWG) and feed consumption, and increasing feed:gain ratio in starter phase (1-21 d) ( Table 2 ). There was no significant difference in BWG, feed consumption, and feed:gain ratio among 3 dietary treatments in grower phage (22-42 d) . The BWG and feed consumption were decreased (P＜0.05) in AAC group when compared to the control or HAC group in overall period (1-42 d). The feed:gain ratio was not significantly affected by the naturally AF-contaminated corn in overall period.
Apparent Digestibility of Calcium and Phosphorus
The dietary inclusion of AF-contaminated corn had no effect on the apparent digestibility of calcium and phosphorus (Table 3) .
Serum Biochemical Parameters
On d 21, dietary inclusion of AF-contaminated corn had no effect on the concentrations of 1, 25-dihydroxycalciferol, Ca and P, and AKP activity in the serum of broilers. Addition of naturally AF-contaminated corn at increasing level had linear (P＜0.001) or quadratic (P＜0.01) or both effects on reducing the concentration of CT in serum, and increasing serum PTH concentration (Table 4) . On d 42, the dietary inclusion of AF-contaminated corn had no significant effect on Ca concentration and AKP activity in the serum of broilers. The concentration of serum CT linearly decreased (P＜0.05) with increasing of AF intake. Addition of naturally AF-contaminated corn at increasing level had linear (P＜0.05) or qua- Bai et al.: Aflatoxins and Bone Mineralization dratic (P＜0.05) or both effects on reducing the concentrations of P and 1, 25-dihydroxycalciferol in serum, and increasing serum PTH concentration.
Bone Mineralization Parameters
On d 21, the AAC diet decreased (P＜0.05) the TBS as compared to control or HAC treatment (Table 5 ), but did not reduce the percentages of ash, Ca, and P in tibia. There was no significant difference for the TBS and percentages of ash, Ca, and P in tibia between the HAC and control groups. The TBS and the percentages of ash, Ca and P in tibia linearly decreased (P＜0.05) with the AF intake increasing in broilers at 42 d of age. Dietary inclusion of AF-contaminated corn significantly decreased (P＜0.05) the TBS and percentages of Ca in tibia as compared with the control, but did not significantly reduce the percentage of ash and P in tibia. There was no significant difference in the TBS and percentages of Ca in tibia between HAC and AAC groups.
Discussion
Performance
A considerable number of previous studies had shown that simulated acute aflatoxicosis (1 to 5 mg AFB 1 /kg diet) decreased the productivity of broilers (Rosa et al., 2001; Miazzo et al., 2005; Dixon et al., 2008) . The diet containing less than 1 mg/kg AFB 1 did not have negative effects on the performance of slow-growing broiler (Dersjant-Li et al., 2003; Devegowda and Murthy, 2005) . However, the current study demonstrated that the level of 43.3 or 96.6 μg AF/kg diet (HAC or AAC) decreased the performance of fastgrowing broilers in starter period (1-21 d). Similarly, Yunus et al. (2011a) reported that the low level of AFB 1 diet (70 μg AFB 1 /kg) reduced the performance of 7-d-old broiler for 3 weeks exposure. Even Kana et al. (2010) presented the level of AFB 1 as low as 0.02 mg/kg diet decreased BWG of fastgrowing broilers in a 3 weeks study. One explanation of this discrepancy in the effect of AF on broiler performance might be the difference in the growth rate of experimental broilers. The modern fast-growing broilers gained more weight by utilizing less feed than slow-growing birds in shorter time (Havenstein et al., 1994; 2003; Dozier et al., 2008) . AF, the hepatotoxic toxins, might result in more profound negative effects in fast-growing birds with more efficient nutrient conversion demanding faster hepatic metabolism. It is probable that the fast-growing broilers are more sensitive than slow-growing birds.
In the present study, the AAC diet (96.6 and 157.6 μg AF/kg in starter and grower diets respectively) resulted in lower BWG in overall period (1-42 d), whereas the HAC diet (2003) suggested that the growth reduction due to low level of AF contaminated diet can be related to reduction in both feed intake and feed efficiency. The present results that AF-contaminated diet decreased feed consumption and feed efficiency in broilers from 1 d to 21 d also convinced this finding. However, the similar AF concentrations adjusted according to average BW of broiler had not affect the BWG, feed intake and feed efficiency of broilers in grower period (22-42 d) . These results show that the starter broilers are more sensitive to AF than the grower broilers. Yunus et al. (2011a) found that there were no negative effects of low level of AF (70 μg AFB 1 /kg diet) on some morphological, digestive, and electrophysiological variables of the small intestine, and suggested that the intestine could adapt to an ongoing dietary challenge to low level of AFB 1 in broilers. The no effect of low level of AF on the performance of broilers from 22 d to 42 d in the present study might be due to the intestinal adaptation to a chronic low level of AF exposure.
Apparent Digestibility of Calcium and Phosphorus
In the present study, dietary inclusion of low level of AF did not affect the apparent digestibility of Ca and P, which was in agreement with our previous finding that the low level of AF diet (96 to 157 μg AF/kg) had not change the apparent digestibility of DM, Ca, P, organic material and gross energy in grower (40 to 42 d-old) broilers (Yang et al., 2012) . Han Bai et al.: Aflatoxins and Bone Mineralization (2008) also showed that the diet containing 20 and 40 μg AFB 1 /kg diets did not change the apparent digestibility of Ca and P in ducks. Kermanshahi et al. (2007) found a reduction in digestibility of Ca and P in broilers fed with the diet contaminated higher level of AF (0.8 to 1.2 mg/kg AFB 1 ) for 3 weeks. The experiments in which negative effects of AF were noted on digestibility of other nutrients were mostly conducted with the level of AFB 1 higher than 0.5 mg/kg diet (Dersjant-Li et al., 2003; Yunus et al., 2011b) . These findings and our results indicated that the influence of AF on the apparent digestibility of Ca and P was dose-dependent in broilers.
Bone Mineralization
The results of the present experiment first indicated that low levels of AF (6.5-8.0 and 13-16 μg/kg BW per day) have deteriorated effects on bone property evaluated by TBS. Similarly, Maurice et al. (1983) reported that the relative higher level of AF (50 and 100 μg/kg BW per day) caused a significant linear decline in TBS of fast-growing broiler at exposure of 3 weeks. However, Huff et al. (1980) indicated that TBS is not altered by 20 μg of AFB 1 /kg BW per day for slow-growing broilers. The fast-growing birds with more efficient hepatic metabolism were more sensitive to AF than those slow-growing broilers, which could affect the bone mineralization.
The decrease in bone property may result from influence of AF on the cholecalciferol metabolism, since AFB 1 , is both hepato-and nephrotoxic (Bird, 1978; Huff et al., 1980; Glahn et al., 1991) . The results presented here showed that dietary inclusion of the low level of AF decreased the concentrations of Ca and P in tibia, and 1, 25-dihydroxycholecalciferol concentration in serum of broiler at exposure of 6 weeks. Glahn et al. (1991) also showed that AF decreased plasma 25-hydroxycholecalciferol and 1, 25-dihydroxycholecalciferol levels in broiler after 5 days of treatment. The increased serum PTH level in the present study led to an increase in osteoclast cell number and activity, and induced the release of Ca 2+ and matrix components from bone by these cells, which might result in decreases of the concentrations of Ca and P in tibia. Yarru et al. (2009) also had demonstrated that 1 and 2 mg AFB 1 /kg diet downregulated the expression of integrin alpha 6 and osteopontin, which permitted collagen crosslinks and mineralization. Therefore, the low level of AF decreased the bone property, which might relate to the changes in the cholecalciferol and PTH metabolism.
Calcium and Phosphorus Metabolism
Dietary inclusion of low level of AF (＜0.20 mg/kg diet) decreased the serum P concentration of broilers after relative long time (6 weeks) treatment in broilers. However, Zhao et al. (2010) also showed that the concentrations of serum Ca and P did not decrease in broiler fed diet containing 1 mg AF/kg diet from 1 d to 21 d. Tedesco et al. (2004) also reported that feeding 0.80 mg AFB 1 /kg diet for 35 days had no effect on serum Ca and P contents in 48-d-old broiler. One possible explanation for this discrepancy is that the long time (more than 6 weeks) feeding of low level of AF can decrease serum Ca and P. Several studies found that the level of AFB 1 higher than 2 mg/kg of diet had negative effects on Ca and P metabolism (Glahn et al., 1991; Bailey et al., 1998; Kubena et al., 1998; Ledoux et al., 1999; Martínez-de-Anda et al., 2010; Zhao et al., 2010) . The damage of renal functions can be produced by ingesting high level of AF over a long period of time (Glahn et al., 1991) , which might result in the negative effects of AF on Ca and P metabolism in broilers (Glahn et al., 1991; Martínez-de-Anda et al., 2010) . However, the histological lesions in renal structures were not found in broiler after feeding diet containing 96 to 157 μg AF/kg for 6 weeks in our previous study (Yang et al., 2012) . Therefore, the negative effects of low level of AF on Ca and P metabolism in the present study were not due to the histological lesion of kidney in broilers.
The current study showed that the chronic low level of AF ingestion increased the serum PTH level in broilers. Increased serum PTH could increase the rate of P excretion in kidney and significantly reduce plasma P concentration (Laverty and Wideman, 1985) , which might explain the negative effect of low level of AF on the serum P concentration of broiler after exposure of 6 weeks.
Increased serum PTH can also decrease the Ca excretion in kidney, and increase the release of Ca from osteoclast cell (Wideman, 1997; Squires, 2003) . Furthermore, the 1, 25-dihydroxycalciferol is considered to be the active metabolite of vitamin D, and the decreased serum 1, 25-dihydroxycalciferol could decrease the Ca absorption from the gut and reabsorption of Ca from bone (Squires, 2003) . In the present study, it is possible that no negative effect of low level of AF on plasma Ca concentration might due to the coordinated actions of the calcitrophic hormones PTH and 1, 25-dihydroxycalciferol.
In conclusion, the low level of AF intake, even daily 6.5-8.0 μg AF/kg BW (43.3 and 81.4 μg AF/kg diet for starter [1-21 d] and grower [22-42 d] broilers respectively) had negative effects on the P metabolism and bone mineralization of broilers at exposure of 42 days, which might relate to the changes in PTH metabolism in broilers.
